The I atom" exchange reactions, CH3' +RI -+ CH 3 I + R (R = CF 3 , (CH3)3C), were investigated at a collision energy of z13 kcal/mol using the crossed molecular beams technique. The supersonic beam of methyl radicals was formed by pyrolyzing a mixture of zl% di-tert-butyl peroxide in helium in a quartz nozzle. A large fraction of the total energy available to the products from these reactions is channeled into relative translation (z50% for R = (CH 3 ) 3C and z70% for R = CF 3 ) suggesting"
I. INTRODUCTION
Ross and co-workers [2, 3] were among the first to use the crossed beams technique to study radical reactions. Using a tantalum oven to generate effusive beams of methyl and ethyl radicals, they investigated the halogen abstraction reactions In all of the crossed beam experiments, the RX product was observed to be predominantly backward scattered with respect to the incident radical beam. However, the CH31 products from the IBr and ICI reactions were more sideways scattered than the CH 3 X products from the homonuclear X 2 reactions. Product velocity measurements showed that the average fraction of available energy going into product translation, <E'/E avl >' was ::::0~30 ± 0.05 for all of these reactions. However, the translational energy distributions for the IY reactions peaked at lower values of E' than those for the X 2 reactions.. somssich et ale [7] observed the CH 3
Br product from the reaction CH 3 + Br 2 to be translationally hotter and more sideways scattered than Ross 'and co-workers [3] ; they obtained <E'/E avl >= 0.56 whereas Ross reported a value of 0. 26 . Although these differences' were attributed to the higher collision energy used in the experi- [8, 9] suggesting that, at least as far as halogen atom exchange reactions are concerned, methyl radicals and hydrogen atoms behave quite similarly.
Using the crossed beams method, we began to investigate the reactions of methyl radicals with halogenated saturated and un-4 saturated hydrocarbons in order to learn how the internal degrees of freedom of reactants and products are coupled to the reaction coordinate in radical abstraction and sUbstitution reactions.
In these studies, we used a pyrolysis source to generate a supersonic methyl radical beam. Unfortunately, we were unable to observe radical-for-atom sUbstitution in any of the halogenated unsaturated systems that we studied, including those for which sUbstitution was readily observed with Br [10] and Cl atoms [11] . This is due to the lower cross section for methyl radical (as compared to halogen atom) addition reactions which is related, in terms of reaction rate theory, to the lower Arrhenius A-factor and higher activation energy for such reactions (for CH 3 + C 2 H 4 ~ C 3 H 7 , log A = 8.5 and Eact = 7.7 kcal/mol whereas for Cl + C 2 H 4 ~ C 2 H 4 Cl, log A = 10.7 and Eact = o kcal/mol [12J).
We were, however, able to carry out studies of the I atom exchange reactions, CH 3 + RI ~ CH3I + R, where R = CF 3 and C(CH 3 )3 at 12 -13 kcal/mol collision energies. The most striking result of these experiments is that the additional vibrational degrees of freedom of the molecular reagent appear to playa very limited role in product energy partitioning. In fact, the fraction of energy available to the products of these reactions that is channeled into translation is greater than that for the CH 3
+ XY reactions described above, suggesting that the CH 3 -I-R and CH 3 -X-Y potential energy surfaces are rather different from one another. 
II. EXPERIMENTAL
The crossed beam apparatus used in these experiments has been described elsewhere [21, 22] . Two seeded, doubly differentially pumped beams were crossed at 90° in a collision chamber . -7 held at approxlmately 10 torr. The CH31 product from both The velocities of the reagent beams were measured using the 8 .' CO + e ) = 13.2 eV [25] ). In the early phase of this study, the presence of methyl radicals in the beam was determined by inspecting the width of the m/e=15 TOF peak. At low stagnation pressures, when the expansion from the nozzle was mild and slippage in the terminal velocities of different species was noticeable, one could observe a widening of the m/e=15 peak compared with those of heavier species in the beam. Upon increasing the stagnation pressure to achieve a more isentropic expansion, no widening was apparent and presumably the methyl radicals 'and acetone molecules had the same terminal velocity distribution. All of the reactions were studied under such conditions.
Product TOF spectra were measured using the cross-correlation method [22] .· A Cu-Be alloy disk photo-etched with a 255 channel pseudorandom sequence of open and closed slots was spun at 392 Hz giving 10 ~s resolution in the TOF spectra. The resulting spectrum was deconvoluted by the on-line computer.
The nominal flight-path from wheel to ionizer was 29.9 cm.
III. RESULTS AND ANALYSIS
The CH3I (mje=142) laboratory angular distribution for this reaction is shown in Fig Product TOF spectra were measured at three angles ( Fig. 3) .
The signal-to-noise ratios are relatively low. The gradual drop in the CH 3 beam intensity caused by the decay of the heater and nozzle made it unprofitable to count for longer than about five hours at a given angle. Unmodulated background was subtracted from the TOF spectrum at -12° by measuring the m/e=142 TOF at this angle using beams of CH 3 in He and acetone in He. The -2So
TOF spectrum has a long tail which is likely to be non-reactive in origin. The underlying shape of this tail is uncertain so it was not subtracted from the data.
The product angular distributions and TOF spectra were simultaneously fit using a forward convolution program [11] that starts with a separable form for the center-of-mass (CM) reference frame product flux distribution,
and generates laboratory (LAB) frame angular distributions and TOF spectra suitably averaged over the spread in relative velocities. T(O) is the CM frame product angular distribution.
A three parameter functional form was used for peEl), the CM frame product translational energy distribution:
where B appears as a threshold in the distribution and is· related to any barrier in the exit channel and Eavl=(Ec-AHo)'
The calculated angular distributions and TOF spectra are scaled to agree with the experimental data.
We found that it was necessary to add =3 kcal/mol to the Attempts were made to fit the data using differently shaped where it seemed to improve the fit. However, the poor signalto-noise ratio at this angle makes it difficult to judge the quality of the fits.
Interestingly, we were unable to observe product from the reaction CH 3
Br ~ CH 3
Br + CF 3 (AH 298 = 0 kcal/mol [27] ) at a collision energy of 13 kcal/mol. This is presumably due toa higher potential energy barrier to this reaction. The activation energy for this reaction has been measured to be 12.5 kcal/mol [15] .
Elastic/inelastic scattering of impurities at m/e=142 was even more of a problem with (CH3}3CI than with CF 3 I. At 20°, the modulated m/e=142 count rate was z40 Hz as compared to z15
Hz at -20°; the modulated m/e=142 count rate at 20° in the CF31 experiment was essentially 0 Hz. As a result, it was not possible to subtract unambiguously the non-reactive contribution to the signal at a > 0° for this reaction. Only data for a ~ -so are presented in Fig. 4 Acceptable fits to the m/e=142 angular distribution and TOF spectra are obtained with the T(900)=0 and T(600)=0 CM angular distributions shown in Fig. 7 . The two fits are virtually identical for a ~ -so. The calculated TOF spectra in Fig. 5a are.
derived using the distribution that extends to 0=90°. The effect of truncating T(O) at 60° is shown in Fig. 5b . The TOF spectrum at 9 = -20° could not be fit well with a T(500)=0 distribution. The noise in the TOF data again prevents us from being able to determine conclusively the length of the slow tail
and.hence the maximum angle of T(O). Indeed, T(O) could extend beyond 90°. Even with the uncertainty in T(O), however, it is
clear that the product is predominantly backward scattered ..
IV. DISCUSSION

' . I,
We have found that the CH3I product from the CH 3 + RI reactions is strongly, backward scattered with respect to the incident radical beam and that a large fraction of the total available energy appears in the relative motion of the recoiling products. <E'/E avl > ~ 0.66 for R = CF 3 and =0.52 for R = C(CH 3 )3. These features are illustrated in Fig. 8 by theproduct flux contour diagram for CH 3
in the CM reference frame.
As noted above, a threshold in the product translational energy distribution could result from a barrier in the exit channel of the reaction. Our best-fit peE') distributions for Although the, degree of product repulsion in A + BC -+ AB + C reactions has been correlated with the location of the potential energy barrier along the reaction coordinate (i.e., the later the barrier, the stronger the repulsion) [37, 38] , classical trajectory calculations have shown that the slope of the potential energy surface along the retreat coordinate also affects the product energy distributions' [39] . In addition, trajectory calculations indicate that as the collision energy is raised in an A + BC reaction, AB recoils from increasingly more compressed A-B-C intermediates, leading to enhanced product translation [38, 40] . This effect should be even more pronounced when A is considerably lighter than Band C since the AB bond will approach its equilibrium distance before the BC bond breaks [37, 38] . suggests that a long-lived complex is formed at E =5.5 kcal/mol. c
The CH31 angular distribution from CH 3 '+ IBr, E c =7.6 kcal/mol
[6] also shows sUbstantial forward scattering. 
where IP is the ionization potential and EA. is the electron affinity, we find that X = 6.1 eV for CF 3 , below the value of 6.76 eV for I (see Table 1 ). C(CH3)3 has never been observed experiment~lly but kinetic measurements on the reaction of hydroxide ion with (CH3)3SiC(CH3)3 indicate that this anion is unbound by 0.3 eV. [47] . Consequently, X(C(CH 3 )3) =: 3.6 eV [48] . and zO. 5. In the "rigid radical" limit, all of the available energy appears in product rotation and translation and, for a collinear reaction, solely in translation. However, even for noncollinear reactive geometries, the rotational energy of th~ products will be very small. . .
~,
repulsive interaction between during C-I bond fission in CF~~ might be similar in C-I bond switching and photod~ssociation.
In the case of (CH3)3CI, however, the vibrational degrees o~ freedom of the t-butylradical appea+ to be more efficient~y excited during C-I photodissociation, though our reactive scattering data is "limited here.
VI. CONCLUSIONS
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